The current work has focused on the preparation and property of a novel fluorosilicone oil with polyfluoroalkyloxypropyl group substitution. Using fluoroalcohols as materials, three kinds of fluorosilicone oil, named [3-(2,2,2-trifluoroethyl-oxy)propyl]methylsilicone oil, [3-(2,2,3,3-tetrafluoropropyl-oxy)propyl] methylsilicone oil and [3-(2,2,3,3,4,4,5,5-octafluoropentyl-oxy)propyl]methyl silicone oil, were prepared via condensation, hydrosilylation, cyclization and ringopening polymerization. All the fluoroalkyl derivatives were characterized by NMR, FT-IR, MS and elemental analysis technique. The thermal stability of these fluoroalkyoxypropylmethylsilicone oils was identified to be excellent by thermogravimetric analysis. [3-(2,2,3,3,4,4,5,5-octafluoropentyl-oxy)propyl]methyl silicone oils with different viscosity were prepared by varying the amount of endblock reagent in the polymerization, and the antifoam property of these fluorosilicone oils was investigated. The result showed that the antifoam property of octafluorosilicone oil with higher viscosity was better than that with lower viscosity.
Introduction
Fluorosilicone materials have been well known for their excellent properties, such as chemical and environmental resistance; thermal stability; flame resistance, and surface characteristics. Currently, these materials are widely used in automotive, electronic, dairy, medical, and aerospace industry [1] [2] [3] [4] [5] .
Fluorosilicone materials will have polymers with the lowest surface energy because the outermost surface of fluorosilicone is closely packed with polyfluoroalkyl side groups and the flexibility of Si-O backbone makes the polymer in the configuration have lower surface energy. When added as antifoam additives, flurosilicone can prodigiously improve the performance of antifoam inhibiting foam due to its lower surface tension than that of the normal foaming liquid. As the conventional silicone antifoams based on polydimethylsiloxane (PDMS) were ineffective compared with silicone and fluorocarbon materials, some fluorosilicones are known to possess lower surface tension than polydimethylsiloxyne and expected to produce more effective antifoam property [6] .
The investigation of the most common fluorosilicone, poly(3,3,3-trifluoropropylmethyl siloxyne) (PTFMS), shows some unexpected results. The liquid surface tension of PTFMS is far higher than that of polydimethylsiloxyne [7] . Therefore, in recent years, numerous attentions have been paid to the synthesis of the fluorosilicone with longchain polyfluoroalkyl group substitution with lower surface tension. The cross-linked films produced from poly(1H,1H,2H,2H-heptadecafluorodecyl)-methylsiloxyne (PHDFDMS) has been reported to possess the lowest surface tension value with 7.0mN/m reported by H. Kobayashi [8] . In addition, the frequently used fluorinated olefin of 4, 4, 5, 5, 6, 6, 7, 7, 8, 8, 9 ,9,10,10,11,11,11-heptadecafluoro-1-undecene was successfully applied to the hydrosilylation reaction with PHMS. The liquid surface tension of the resulted fluorosilicone could not be measured because of its soild state [9, 10] . When used as fluorinated olefin in hydrosilylation, 7, 7, 8, 8, 9, 9, 10, 10, 11, 11, 12, 12, 13 ,13,14,14,14-heptadecafluoro-4-oxa-1-tetradecene was easy to isomerize and excess amount of fluorinated olefin was required to complete the reaction.
In current work, three fluoroalkyloxypropylcyclosiloxanes have been synthesized using fluoroalcohol as starting material via condensation, hydrosilylation, and dechlorination cyclization reaction according to Takiguchi method [11] . The liquid fluoroalkyloxypropylpolysiloxanes were obtained via ring-opening polymerization as fluorosilicone oil. And their antifoam property, surface tension and thermal stability have been investigated in this paper.
Results and discussion

Preparation of fluorosilicone oil
Hydrosilylation of olefin with hydrosilane is a versatile method for the synthesis of monomer of various polysiloxyne products, especially the synthesis of monomer of longer chain fluoroalkyl group substituted polysiloxyne. In the present work, the fluoroalkyl allyl ether R f -O-CH 2 CH=CH 2 has been synthesized by the condensation between fluoroalcohol and allyl chloride. The using of the phase transfer catalyst tetrabutylammonium bromide in the reaction lowered the reaction temperature, shortened the reaction time and increased the yield of olefin.
The allyl fluoroolefins showed high reactivity in hydrosilylation with methyl dichlorosilane catalyzed by Karstedt's catalyst, and the fluoroalkyloxypropylmethyldichlorosilanes were obtained with high yield. The three fluoroalkyloxypropylmethyldichlorosilanes were subjected to dechlorination cyclization reaction to give the fluorosilane monomers, followed by ring-opening polymerization to obtain the fluoroalkyloxypropylsilicone oil. [3-(2,2,3,3,4,4,5,5-Octafluoropentyl-oxy)propyl]methylsilicone oils with different viscosity were prepared in order to investigate the relationship between the viscosity and antifoaming efficiency. In the cyclization reaction, 0.56 mol of [3-(2,2,3,3,4,4,5,5-octafluoropentyl-oxy)propyl]methyldichlorosilane and 3 mol of dimethyldichlorosilane were used to obtain fluorocyclosiloxane blends (see Table 1 ) followed by ringopening equilibration bulk polymerization, using hexamethyldisiloxane (MM) as end blocked agent and triflic acid as catalyst. At equilibrium, the trimethylsilyl group endblocked fluoropolysiloxane product was obtained with different average molecular weight depending on the amount of MM. When decreasing the amount of hexamethyldisiloxane (MM) from 5.62% (mol/mol siloxane unit) to 0.72%, the molecular weight of fluorosilicone oil product increased, and as a result, the viscosity of the product increased from 180.1 cps to 2060 cps (Fig. 1) .
Thermal stability
The degradation temperature of the three kinds of fluorosilicone oil was investigated by thermogravimetric analysis, and the thermal behaviors (TGA) at high temperature are shown in Fig. 2 . As observed, three kinds of various fluoroalkyloxypropyl groups substituted fluoropolysiloxanes exhibitted excellent thermal stability. The improvement of the thermal stability of fluorosilicone oil might be attributed to the high stability of C-F bond and the shield effect of fluorine atoms on carbon atoms. The decomposition temperature with typical weight losses are listed in Table1. All of the DTG curves showed only one peak ( Fig. 2 and Fig. 3 ), which indicated that there was a single stage decomposition for three fluorosilicone oils. For 3-(octafluoropentoxypropyl)methylsilicone oil, the 5% decomposition started at 282 0 C, and ended at 448 0 C. The decomposition peak temperature was 332 0 C for [3-(2,2,2-trifluoroethyl-oxy)propyl]methylsilicone oil, 350 0 C for [3-(2,2,3,3-tetrafluoropropyloxy)propyl)methylsilicone oil, and 385 0 C for octafluorosilicone oil, respectively. These experimental data revealed that the 3-(octafluoropentoxypropyl)methylsilicone oil exhibits higher thermal stability than the other two fluorosilicone oils. 
Tab
Antifoaming Property
The surface tension is one of the important factors that determine the antifoaming efficiency, although there are some other factors including the dispersion and solubility to foaming systems [12] . Antifoaming agents based on dimethylsilicone oil system are effective for aqueous foaming solutions but are often not effective for organic foaming solutions. This is probably because they are readily soluble in organic solutions.
The surface tension of fluorosilicone oil should be lower than that of the methylsilicone oil with the similar structure, and should produce more effective antifoams. The above three kinds of fluorosilicone oils with low viscosity of about 200 cps were applied to the toluene foaming system; trifluoroethyloxypropylmethylsilicone oil and tetrafluoropropyloxypropylmethylsilicone oil were found to have almost no antifoaming efficiency. Figure 4 showed the foam volume of the toluene foam system as the function of collapse time when the fluorosilicone oils were used as antifoaming agent. Yet, the system was found to be obviously clear, that is, the antifoaming efficiency of 3-(octafluoropentyloxypropyl)methylsilicone oil was better than that of the other two kinds of fluorosilicone oil. The foaming volume of 3-(octafluoropentyloxypropyl)methylsilicone oil additive system was tested to be 44 mL after 5 minute collapse, which was lower than the volume of 50 mL of the other two fluorosilicone oil additive systems and blank sample. The surface tension values of trifluoro-, tetrafluoro-and octafluorosilicone oil were measured to be 21.1 mN/m, 20.8 mN/m and 19.5 mN/m respectively. This result is consistent with their antifoaming performance. Fluorosilicone oil with higher viscosity will be more insoluble in the foam system. As a result, increase of the viscosity of silicone oil will be effective in improving its antifoaming efficiency. Due to the relative better antifoaming efficiency, 3-(octafluoropentyloxypropyl)methylsilicone oil with high viscosity were prepared and subjected to antifoaming test to investigate the relationship between antifoaming efficiency and viscosity, As shown in Fig. 5 , the antifoaming efficiency improved greatly when the viscosity of 3-(octafluoropentyloxypropyl)methylsilicone oil increased from 180 cps to 2060 cps, and the antifoaming efficiency of octafluoropentyloxypropylsilicone oil with high viscosity was better than the products with low viscosity. This is probably because the high viscosity octafluorosilicone oil is slightly soluble and well dispersed in the organic foam system. In Fig. 5 , when 0.1g of 1,3-bis(trifluoromethyl)toluene solution (0.5wt%) of octafluoropentyloxypropyl silicone oil with the viscosity 2060 cps was used as antifoam agent, the collapse foaming volume of 100 g toluene foaming surfactant solution was observed to be merely 10 mL. 
Conclusions
Using the fluoroalcohols as starting materials, allyl fluorinated olefins were synthesized and three kinds of fluorosilicone oil were prepared with different fluoroalkyloxypropyl substituted side-chains via condensation, hydrosilylation, dechlorination cyclization and polymerization. In the preparation procedure, the fluorinated allyl ethers were found to be high reactive in hydrosilylation catalysed by Karstedt's catalyst, and the preparation was carried out with high yield.
The degradation temperature of three kinds of fluorosilicone oil was analysed by thermogravimetric technique. It was demonstrated that the thermal stability of three kinds fluorosilicone oil was excellent, and 3-(octafluoropentyloxypropyl)methylsilicone oil exhibit higher thermal stability than that of [3-(2,2,2-trifluoroethyloxy)propyl]methylsilicone oil and [3-(2,2,3,3-tetrafluoropropyl-oxy)propyl]methyl silicone oil.
The antifoam property of fluorosilicone oil was investigated. When the viscosity of three fluorosilicone oils was about 200 cps, they were found to have hardly any antifoaming efficiency. The antifoaming efficiency was found to improve greatly with increasing viscosity. When the viscosity was up to 2060 cps, the antifoaming property of 3-(octafluoropentyloxypropyl)methylsilicone oil in the toluene foam system was found to be good.
Experimental part
Materials
Fluoroalcohol was kindly supplied by Shanghai Institute of Organic Chemistry, Chinese Academy of Science (Shanghai, China). Dimethyldichlorosilane, methyldichlorosilane and hexamethyldisiloxane (MM) were purchased from Weihai Xingyuan Chem. Co. Ltd (Shangdong Province, China) and used without any purification. The other chemicals and solvents were purchased as reagent-grade materials.
Measurements 1 H NMR spectra was recorded on a Brucker AM 300 (300MHz) spectrometer with TMS(Tetramethylsilane) as internal standard.
19 F NMR spectra was obtained on Brucker AM 300 (282MHz) spectrometer using trifluoroacetic acid as external standard, downfield shifts being designed as negative; using CDCl 3 
Synthesis of fluorinated allyl olefins
The fluorinated allyl olefins were prepared by condensation with the starting material of fluoroalcohols and allyl chloride, as shown in Scheme 1. Using tetrabutylammonium bromide as phase transfer catalyst, treatment of fluoroalcohols with allyl chloride in dichloromethane led to fluoroalkyloxypropene with high yields.
A three-necked round-bottom flask equipped with a condenser, a stirrer and thermometer was charged with 600 mL dichloromethane, 4.5 mol flluoroalkyl alcohol, 4.9 mol allyl chloride and 0.225 mol tetrabutylammonium bromide. 300 mL of NaOH/deionization water solution (15 mol/L) was added dropwise to the above solution at room temperature. The mixture was then refluxed for 24 h. After cooling and washing with water, the mixture was distilled to give the colorless liquid of fluoroalkyloxypropene.
3-(2,2,2-Trifluoroethyl-oxy)propene was obtained with the boiling point of 75 0 C and the yield to be 66.9% . 1 
Hydrosilylation to obtain fluoroalkyloxypropyl-methyldichlorosilanes
Hydrosilylation is a main route to obtain the silane derivatives with alkyl group substitution. In this method, the addition reaction was performed by treating fluoroalkyl olefins with the Si-H bond containing methyl-hydrogendichlorosilane to give the fluoroalkyldichlorosilane (shown in Scheme 2). When Karstedt's catalyst was used in the hydrosilylation, the allyl olefins showed high reactivity. A three-necked round-bottom flask equipped with a condenser, a stirrer and a nitrogen inlet was charged with 600 mL trifluorotoluene, 1mol fluorinated olefin and 0.3 g Karstedt's catalyst stepwise. When the temperature of the mixture was heated to 65~75 0 C, 1.2 mol of methyldichlorosilane was slowly added to the reactor through a dropping funnel under a nitrogen atmosphere. Then the solution was heated to 80 0 C and kept for 5 h. The solvent was eliminated in vacuum, and the resulting mixture was distilled under reduced pressure to obtain the fluoroalkyloxypropyl-methyldichlorosilane. 
Preparation of fluoroalkyloxypropyl-methylsilicone oils via polymerization
The fluoroalkyloxypropyl-methyldichlorosilanes can be subjected to the dechlorination reaction with metal oxide due to the high reactivity of Si-Cl bond in chlorosilane [11] . The cyclization reaction is an important technique to obtain the intermediates for producing polysiloxane from the mixed cyclosiloxanes. In the procedure, the mixed cyclosiloxanes were subjected to ring-opening polymerization without separation. As a result, the fluorosilicones with long chain fluoroalkyloxypropyl group substitution were obtained as the fluorosilicone oils (shown in Scheme 3). A 2000-mL four-necked round-bottom flask equipped with a stirrer, a thermometer and a condenser was charged with 1.2 mol zinc oxide suspended in 900 mL ethyl acetate. The dichlorosilane blend was added slowly to the reactor through a dropping funnel at 5 0 C. Then the mixture was stirred for another 2 h to get the translucent solution. The solution was washed with 500 mL dilute sodium bicarbonate aqueous solution and then with 500 mL×4 water to get rid of the zinc salt. The organic layer was dried with anhydrous Na 2 SO 4 and then distilled to obtain 176.2 g (yield 96.6%) mixed cyclosiloxane. This mixture was subjected to the next ring-opening polymerization directly without further purification.
A 500 mL three-necked flask equipped with stirrer, thermometer and condenser was charged with 176.0 g of the above mixture fluorocycloxiloxane, 16.4 g MM and 0.2 g triflic acid under a nitrogen atmosphere. The reactants were heated to 80 0 C and kept at this temperature for 12 h, then was cooled to 60 0 C and 0.6 g of sodium bicarbonate was introduced to terminate the reaction. After stirring for another 1 h, the reaction mixture was filtrated. The filtrate was stripped of the volatile siloxane derivatives at 180 0 C under reduced pressure at 3 mm Hg for 2 h, and 172.5 g fluorosilicone oil was obtained with yield 89.6%.
The number molecular weight of the product is measured to be 1900 and the viscosity of the product is 160. Preparation of [3-(2,2,3,3-tetrafluoropropyl-oxy) propyl]methylsilicone oil: 144.0 g ( 0.5 mol) of [3-(2,2,3,3-tetrafluoropropyl-oxy)propyl]methyldichlorosilane was pre-mixed with 130 g (1.0 mol) of dimethyldichlorosilane to obtain the dichlorosilane blend, which was the starting material in the next dechlorination cyclization reaction.
A 2000-mL four-necked round-bottom flask equipped with a stirrer, a thermometer and a condenser was charged with 1.5 mol of zinc oxide suspended in 1000 mL of ethyl acetate. After coolling to 5 0 C, the dichlorosilane blends were added slowly to the reactor through a dropping funnel. After that, the mixture was stirred for another 2 h to get a transparent solution. The resulted solution was washed with 500 mL of dilute sodium bicarbonate aqueous solution and then with 500 mL×4 water to eliminate the zinc dichloride. The organic layer was dried with anhydrous Na 2 SO 4 and then distilled to obtain the cyclosiloxane mixture 280.2 g (yield 96.1%). This mixture intermediate was used for the next polymerization without further purification.
To a 500 mL three-necked flask equipped with stirrer, thermometer and condenser was placed 280 g of the above mixture fluorocyclosiloxane, 16.4 g MM and 0.3 g triflic acid under a nitrogen atmosphere. Then the reactants were heated to 80 0 C and kept at the temperature for 12 h. After that, the mixture was cooled to 60 0 C and 0.8 g of sodium bicarbonate was introduced and stirred for another 1 h to terminate the reaction. Lastly, the reaction solution was filtrated and the filtrate was stripped of the volatile siloxanes derivatives at 180 0 C under reduced pressure at 3 mm Hg for 2 h to give 270.8 g [3-(2,2,3,3-tetrafluoropropyl-oxy)propyl]methylsilicone oil (yield 91.5%).
The number molecular weight of the product is measured to be 1950 and the viscosity of the product is 168.5 cps (25 0 C). 19 2,3,3,4,4 ,5,5-octafluoropentyl-oxy)propyl]methyldichlorosilane was pre-mixed with 390 g (3mol) dimethyldichlorosilane to get dichlorosilane blends, which was the starting material for the next dechlorination cyclization reaction.
A 3000-mL four-necked round-bottom flask equipped with a stirrer, a thermometer and a condenser was charged with 3.56 mol zinc oxide suspended in 1400 mL ethyl acetate. After coolling the mixture to 5 0 C, the dichlorosilane blend was added slowly to the reactor through a dropping funnel. Then the mixture was stirred for another 2 h to get a transparent solution. The resulted solution was washed with 600 mL dilute sodium bicarbonate aqueous solution and then with 600 mL×4 water to eliminate the produced zinc dichloride. The organic layer was dried with anhydrous Na 2 SO 4 and then distilled to obtain the mixed fluorocyclosiloxane 386.8 g (yield is 94.0%). This mixture intermediate was used for the next polymerization without further purification.
To a 1000 mL three-necked flask equipped with stirrer, thermometer and condenser was placed 380 g of the above mixture fluorocyclodiloxane, 32.8 g (0.2 mol) MM and 0.4 g triflic acid under a nitrogen atmosphere. Then the reactants were heated to 80 0 C and kept at this temperature for 12 h, and then the reactants were cooled to 60 0 C. 1 g Sodium bicarbonate was introduced into the reactants and stirred for 1 h at 60 0 C to terminate the polymerization reaction. After that, the reaction solution was filtrated, and the filtrate was stripped of the volatile siloxanes at 180 0 C under reduced pressure at 3 mm Hg to obtain 370g 3-(octafluoropentyloxypropyl) methylsilicone oil (yield 89.6%).
The number molecular weight of this product is measured to be 2050 and the viscosity of the product is 180.1 cps (25 0 C). Run [3-(octafluoropentoxy) propyl]methyldichloro silane (mol) 
Thermogravimetric analysis
To evaluate the thermal stability of fluorosilicone oil with different fluoroalkyloxypropyl group substitution, the obtained three fluorosilicone oils with the number molecular weight to be approximately 2000 were subjected to thermogravimetric analysis. The measurement was carried out at a flow rate of 40 cm 3 of nitrogen gas per minute, using a sample weight of about 10 mg. The test was carried out over the temperature range from 40 0 C to 550 0 C at a heating rate of 10 0 C /min.
Antifoam test
Organic foaming surfactant solution system was prepared by adding the surfactant Span-20 to toluene at the concentration of 0.5 wt%. Fluorosilicone oil (10 g) was diluted with 1,3-bis(trifluoromethyl)toluene (100 g), which acted as the antifoam material. This solution (0.1 g) was added to the above organic foaming surfactant solution (100 g) in a 200 mL sample tube. The tube containing the foaming system was shaken for 3 min, and the antifoaming efficiency was determined by observing the collapse foaming volume.
